3D hexagonal mesoporous silica (YPS) and vesicle-like mesoporous silica (YNS) were synthesized using H 3 PO 4 and HNO 3 as catalyst respectively, and environmental friendly sodium N-dodecyl glycine (YCS) as a green surfactant. The YPS and YNS samples were calcined at 550 ºC, 700 ºC and 850 o C. Their ordered meso-structures were characterized using infrared spectroscopy (IR), small-angle X-ray diffraction (SXRD), and high resolution transmission electron microscopy (HRTEM). Since YNS has special pore structure, it shows radiating channels with 20 nm shell around, while YPS shows random access channels. YNS not only has slightly larger pore size and IEP value than those of YPS but also possesses higher thermal stability. Precisely because of these factors, the pore of YNS-550 is characteristic of unique curvature, having stronger action with the laccase molecule than that between laccase molecule and YPS-550 with smaller pore curvature. So laccase adsorption isotherm of YPS-550 was V-type and that of YNS-550 was IV-type. The adsorption equation for laccase onto a mesoporous silica surface may be obtained as log[θ/(1 -θ)] = (log C + log K)/β. adopted mesoporous silica to immobilize laccase, lysozyme, trypsin, and flavine etc. with different sizes, and they found that modified mesoporous silica MCM-41 had specific surface area of about 964.5 m 2 /g and uniform pore size of 2.88 nm matching the enzyme molecular size, which facilitated entrapment of laccase into mesoporous pores to fabricate amperometric biosensor, because the rate of adsorption of enzymes depends strongly on the size of the adsorbed molecule relative to the pore size of the adsorbing substance, with the fastest adsorption observed for the smallest molecule and the largest surface area of the mesoporous silica (Xu, et al. 2009 and Stevens et al. 2001). SBA-15, with a hexagonal arrangement of the pores analogous to MCM-41, has pore size up to 10 nm and thick framework walls (ca. 3 nm), which determine the entrance amount of the quantity of immobilized enzymes. Salis A. and Forde J. both immobilized laccase onto the functionalized SBA-15 mesoporous silica, and found that SBA-15 immobilized laccase had a maximum enzyme activity with a greatest increase in stability (Andrea et al. 2009 and Jessica et al.2010).
INTRODUCTION
Recently, the use of biocatalysis for green chemistry and sustainable development has become a necessary requirement. Its main advantages are reducing energy cost as well as minimizing waste in production and disposal. The enzymatic catalysis, one of the most promising and rapidly growing fields, still faces some challenges (Zhou et al. 2012) . Enzyme exhibits high activity and selectivity under mild reaction conditions, but the application of free enzymes in the industrial application is limited due to their instability, variability, and inactivation in use, making them difficult for recovery and cycled use (Chandra et al. 2015) .
The immobilization of enzymes on mesoporous silica provides an efficient solution for these problems. It has been widely investigated for possessing certain merits, such as easy to recover and environment-friendly properties. Several groups have intensively studied enzyme immobilization and the results showed that many factors could affect the stability of enzymes adsorbed on mesoporous materials (Bornscheuer et al. 2003; Yuichi et al. 2014) . Martin Hartmann proposed that the controlled structure of mesoporous materials and the right fit of the enzyme in the cavity of the mesoporous silica are two key factors deciding the behaviors of immobilized laccase (Zhou et al. 2012) .
In this paper, calcination of as-prepared vesicle-like and 3D hexagonal mesoporous silica at temperatures of 550 ºC, 700 ºC and 850 ºC was carried out to study the effects of roast temperature and structure on immobilization performance of mesoporous silica for laccase. The results should provide an effective and efficient route for immobilization of enzyme.
EXPERIMENTAL 2.1. Reagents
Tetraethyl orthosilicate (TEOS), succinic acid, guaiacol, 3-aminopropyltriethoxysilane (APTES), sodium N-dodecyl glycine (YCS) were purchased from Shanghai Chemical Reagents Co., Ltd (Shanghai, China) . The compounds and solvents were of analytical grade. Reagent grade laccase was purchased from Ganoderma Lucidum, having activity ≥0.1 U/mg, stored at 2~8 ºC.
Synthesis of Mesoporous Three-dimensional Hexagonal and Vesicle-like Silica
In a typical preparation procedure, 2.5 g of YCS was dissolved in 100 mL of mixture of deionized water with specified concentrations of the acidic source (with 1 mol·l −1 H 3 PO 4 and 2 mol·l -1 HNO 3 , respectively) and the resulting solution was stirred at room temperature. Into the solution, 1 mL of APTES was added drop-wise for the preparation of a set of samples. Next, 4 mL of TEOS was added into this solution and the mixture was stirred at room temperature for 24 h. Finally, white precipitates were filtered, washed with water, air-dried at room temperature, and calcined at different temperatures (550 ºC, 700 ºC, 850 ºC) for 6h in a muffle furnace to remove the organic templates. These samples were named YPS-550, YPS-700 and YPS-850; YNS-550, YNS-700 and YNS-850.
Characterization
The powder X-ray diffraction (XRD) measurements of the mesoporous silica were performed on a Rigaku D/max 2550 VB/PC X-ray diffractometer using Ni-filtered Cu Kα radiation (λ = 0.15418 nm) [40 mA, 40 kV, 0°~6° of 2θ, 1º(2θ)·min -1 ] at room temperature. The surface morphology and dimensions of the mesoporous silica were observed using a Hitachi s4800 field emission scanning electron microscope with an accelerating voltage of 15.0kV. Pore shape and degree of order of mesoporous silica were observed by a JEOL JEM-2100 transmission electron microscope operating at 200kV Surface area and pore distribution of mesoporous silica were measured using an ASAP2405N (Micromeritics Instrument Corp., Norcross, GA) physical adsorption apparatus. The surface area was calculated using the Brunauer-Emmett-Teller (BET) method and adsorption data p/p 0 in the range 0.05~0.3. Pore structure distribution of mesoporous silica after calcination is calculated using the Barrett-Joyner-Halenda (BJH) method from adsorption isotherms. , 40, 50, 60, 70, 80, 100 and 125 mg of samples were separately added to enzyme solution (original activity C0 = 100 IU·l −1 ) in Erlenmeyer flask. After the mixture was stirred by a magnetic stirrer at room temperature for 1h, the supernatant was separated from the solid material by centrifugation (8500 rpm, 5 min). 1 ml of supernatant was added to 1mL of sodium succinate buffer (pH = 5.4) and 1 ml of 4 mM guaiacol, the mixture was reacted in a water bath Vesicle-like and 3D-hexagonal Mesoporous SiO 2 : Preparation and 833 Laccase Adsorption Properties at 30 ºC for 30 min, and the absorbance was determined at 465 nm. The amount of laccase immobilized onto the mesoporous silica was assayed by subtracting the amount in the supernatant liquid after adsorption from the amount of laccase present before addition of the mesoporous silica. The comparison solution is 1ml of boiled enzyme solution in which above substances are added in sequence, reacted for 30 min under the same conditions. The concentration of enzyme can be expressed by the total enzyme activity and can be calculated as follows (zhang et al. 2013) :
Adsorption of Laccase onto Mesoporous Materials
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where X is the absorbance of solution, and t is the time of enzymatic reaction (min), and V is the volume of the enzyme solution.
The adsorption capacity of laccase onto mesoporous silica was calculated by eqn (3):
where C 0 and C x are the initial and final concentrations of the enzyme (IU·ml -1 ), V 0 is the original volume of enzyme solution (ml), and m is the mass of mesoporous samples (mg). Knowing the magnitude of Г, the adsorption isotherm curve of laccase on mesoporous silica is showed in Fig.8 by plotting Г versus C x .
Determination of Saturated Adsorption amount (Γ ∞ )
50 mg of sample was added to enzyme solution (original activity C 0 = 100 IU·ml -1 ) in Erlenmeyer flask. After the mixture was stirred by a magnetic stirrer at room temperature for 10h, the supernatant was separated and determined by above colorimetric method mentioned in 1.4.
RESULTS AND DISCUSSION
Analysis of Infrared Spectrum
Infrared spectra are shown in Fig.1. (a) shows the IR spectra of YPS before and after calcination at different temperatures and (b) shows the IR spectra of YNS before and after calcination at different temperatures. Comparing Fig.1a to Fig.1b , we can see many similarities. The broad band at 3448cm -1 may be ascribed to the asymmetric stretching vibration of the O−H bond in structural water in SiO 2 , the bands at 2923 cm -1 and 2855 cm -1 can be assigned to asymmetric stretching and symmetric stretching vibration of H-C-H, while the band at 1631 cm -1 can be assigned to bending vibration of H-O-H in water in SiO 2 , and with rise of temperature, the intensity of these gradually weakened, indicating gradually stripping of free water absorbed onto the mesoporous silica. Similarly, the strong band at 1089 cm -1 can be assigned to asymmetric stretching vibration of Si-O-Si, the band at 809 cm -1 is due to bending vibration of the Si-O-Si bond, and the band at 472 cm -1 is due to the symmetric stretching vibration of Si-O bond. After calcination, with increase of temperature, the bands at 2923 cm -1 and 2855 cm -1 become weaker or even disappear, thereby indicating that the organic template was removed by calcining. Hence, according to analysis of the IR spectrum, the composition of the calcined materials is both SiO 2 .
Small-Angle X-Ray Diffraction
Small-angle X-ray diffraction patterns of YPS-550, YPS-700, and YPS-850 are shown in Fig.2a , whereas those of YNS-550, YNS-700, and YNS-850 are depicted in Fig.2b . The diffraction pattern for YPS-550 shows a strong and sharp diffraction peak at 2θ =1.91 o and three weak diffraction peaks at 2θ = 3.25 o , 3.60 o and 3.82 o in the 2θ range 1.0-6.0 o , which indicate that YPS-550 has threedimensional hexagonal mesoporous structure. However, unlike the YPS-550 sample, the diffraction pattern of YNS-550 shows a strong diffraction peak at 2θ = 1.40 o , and one weak peak at 2θ = 2.41 o , which is a typical SXRD pattern of the lamellar framework mesophase (Xiang et al. 2010 ) and indicate that YNS-550 has vesicle-like mesoporous structure. And we can confirm that the structure of YPS-550 was of higher order than that of YNS-550 by comparing the strongest diffraction peaks Wavenumber (cm −1 ) of YPS-550 and YNS-550. Since the hybridization mode of ion PO 4 3− is sp 3 , it functions as structural guiding to some extent. Also, spatial position of ion PO 4 3− functions to support pore structure. When the calcination temperature increases to 700 ºC, the sharp diffraction peak of YPS-700 and YNS-700 moves to 2θ = 1.95 o and 2θ = 2.05 o respectively, and all weak peaks disappear, which shows contracted lattice and decreased order of the mesoporous structure of the samples after high-temperature calcination. There exists nothing in the SXRD patterns of the samples calcined at 850 ºC, thereby interpreting that the samples are disordered from calcining at this temperature, leading to most of the pores melting and collapsing.
HRSEM and HRTEM
Representative HRSEM and HRTEM images in Fig.3 show clearly the three-dimensional hexagonal and vesicle-like morphologies of the mesoporous silica we obtained. The sample YPS-550 exhibits a spherical mesostructure ( Fig. 3a) which was 75~304 nm, with average size of 193.4 nm.
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H. Yang et al./Adsorption Science & Technology Vol. 33 We can see that the YPS-550 samples have orderly 3D hexagonal network structure presented in Fig.3c , the structural variation of pores and channels in different directions occurs in YPS samples, and the arrowheads show that the 1D pores link with each other to form secondary channels. On the one hand, the interconnections of the channels are short and discontinuous, but on the other hand, channels are linked in a random manner, and the phenomenon of cross-channels does not appear. The circles indicate that YPS sample has a 1D pore structure, demonstrating the direction of crystal growth changed during synthesis, leading to formation of a disconnected, ordered pore structure, in which the arrowheads display changes of the crystal direction. The distance between two pore centers for parallel pore channels is estimated to be 4.92 nm from the HRTEM image. This value is in good agreement with the value d = 4.85 nm calculated from SAXD, demonstrating that YPS sample has a 3D hexagonal structure.
With the acidic source altered from H 3 PO 4 to HNO 3 , the morphology of the particles changes to vesicle-like silica as shown in Fig.3b . One can find six single vesicles present in the image with three single smaller vesicles behind. With increased magnification, the image recorded in Fig.3d displays a typical vesicular structure with uncountable thin channels radiating to all around, and a shell of about 20nm formed and wrapping them. The HRTEM image in Fig.3e exhibits very clearly radiating channels with 20 nm shell around, fully demonstrating the vesicular structure formed. From the center distance between two radiating pore channels, pore spacing was estimated as 6.3 nm from HRTEM images.
The findings are ascribed to the Hofmeister series association ability between counterions (X -) and YCS surfactant micelles, which directly and strongly affects the formation rate of silicatesurfactant mesophases to the highest degree. According to Yang, the driving force for formation of mesoporous structure from S − N +~I− mesoporous intermediates is chiefly originated from an electrostatic interaction between the negative charged silicate anion and associated micelles (S − N + ) (Yang et al. 2007 ). The NO 3 − anion with π electron system can play the role of bidentate ligand, which can simultaneously form hydrogen bond with silicate anion and associated micelles (S − N + ), resulting in formation of very long micelles. This certainly enhances interaction between the negative charged silicate anion and associated micelles (S − N + ), leading to "layered" silicate-surfactant mesophases changed into the vesicular mesoporous structure (Lalonde et al. 1995) .
The PO 4 3− anion has a different structure from NO 3 − anion. Due to the central P atom adopting sp 3 hybridization in PO 4 3− anion, the central P atom is capable of acting preferentially as a polydentate ligand to form σ bonds with the three Si-OH groups of mesoporous silica during the preparative process. While for oxygen (non-hydroxyl), the central P atom can form σ coordination bonds with the oxygen (non-hydroxyl) by providing an electron pair, meantime, the oxygen returns its 2p electron pair to form d-pπ feedback electron pair structure. The ordered 3D hexagonal arrangement shown in Fig.3c demonstrates PO 4 3− anion with 3D structure as polydentate ligand, very easily capable of forming hydrogen bond with the silicate anion and associated micelles (S − N + ) by virtue of d-pπ electron pair. The PO 4 3− anion with 3D structure can also possess a structure-directing role to certain degree, which accelerates formation of ordered "layered" micelles arranged in hexagonal arrays. This certainly enhances the interaction between the negative charged silicate anion and associated micelles (S − N + ), leading to "layered" silicatesurfactant mesophases changing into the 3D hexagonal phase.
N 2 Adsorption-Desorption Isotherms
The nitrogen adsorption-desorption isotherms of the YPS and the YNS and the resulting Barrett-Joyner-Halenda (BJH) pore size distributions determined from the corresponding adsorption branches after calcination at different temperatures are shown in Fig.4 and Fig.5 , respectively. One can see that the amount of nitrogen adsorbed changes markedly in the samples calcined at different temperatures. The nitrogen adsorption-desorption isotherms of the YNS-550 is of type IV (IUPAC classification) with H 1 -type hysteresis loop that is characteristic of mesoporous 838
H. Yang et al./Adsorption Science & Technology Vol. 33 No. 10 2015 materials with regular pore structure (similar to YNS), and those of the YNS-700 and the YNS-850 are of type III and H 4 -type hysteresis loop, indicating that these materials both consist of narrow and uniform pore channel. Table 1 summarizes the textural properties of YPS-550, YPS-700, YPS-850 and YNS-550, YNS-700, YNS-850. By comparing these data, one can see that the pore diameters, the specific surface areas, and the total pore volumes of the YPS were drastically changed after altering calcination temperature. When the calcination temperature ascended to 700 ºC from 550 ºC, the 840 H. Yang et al./Adsorption Science & Technology Vol. 33 pore diameter of YPS increased from 3.57 to 12.97 nm, and with the temperature continued to rise to 850 ºC, the pore diameter increased to 17.30 nm. Meanwhile, the surface areas and pore volumes decreased significantly. These results may be attributed to most of mesoporous and microporous structures melted as the calcination temperature goes up. Therefore, the YPS samples transferred to narrow and large uniform pore channels are obviously different from the YNS samples at high temperature.
Similar results have been displayed for the nitrogen adsorption-desorption isotherms of the YNS-550, YNS-700 and the YPS-550, which are of type IV with H 1 -type hysteresis loop (perpendicular and parallel). In contrast, the sorption isotherm of the YNS-850 is different from that of YPS-700 and YPS-850, and has a broad hysteresis loop in the range of p/p 0 = 0.10~0.99, which does not close until the saturation pressure is reached (Fig.5c ). This isotherm is of type III with H 3 -type hysteresis loop and also illustrates that YNS-850 was constructed by irregular narrow pore channels and the pore diameter distribution is wide. When the calcination temperature reached 700 ºC from 550 ºC, the pore diameter of YNS decreased from 4.04 to 3.09 nm, but the surface area of YNS increased from 266 m 2 /g to 300 m 2 /g instead, and total pore volume was kept unchanged, demonstrating that the vesicle-like mesoporous silica (YNS) with radiating channels shows higher thermal stability than that of 3D hexagonal mesoporous silica (YPS) with random access channels at 700 ºC.
When the temperature continued to rise to 850 ºC, the pore diameter of YNS increased to 7.08, 20.89, 80.33 nm for the channels collapsed and the fragments piled up to uneven pore channels, indicating that the vesicle-like mesoporous silica YNS can only endure 700 ºC high-temperature calcination.
α s -plot Method
To confirm the formation of a pore structure in the YNS and YPS, the α s -plot method was adopted. The α s -plot is an adsorption curve by comparing the adsorption data of a given porous material with that of a reference macroporous solid. For α s -plot calculations, the macroporous silica gel LiChrospher Si-1000 (S BET = 25 m 2 .g -1 ) was used as the reference adsorbent (Kruk et al. 1999) .
The standard reduced adsorption α s describes an eqn (4): As illustrated in Fig.6a , the initial portion of this plot was virtually linear with the "volume adsorbed" and slightly commenced above the origin point. The amount adsorbed increased rapidly when α s was in the range from 0.8 to 1.1, and increased slowly when surpassed the jumping range. A possible explanation for this is the presence of large amounts of mesopores in the samples together with small amounts of micropores, declaring that the as-synthesized YNS-550, YNS-700, and YPS-550 are all mesoporous materials. Fig.6b depicts the amount adsorbed approximately linearly increasing with the increase of αs, which demonstrates that YNS-850, YPS-700, and YPS-850 are macroporous samples. Also seen from Fig.6b , YNS-850 bulges up at α s =1.825, with adsorption quantity increasing with increase of α s , and no limit value nearby. YPS-700 and YPS-850 sag down at α s =2.022 and 1.926 842 H. Yang et al./Adsorption Science & Technology Vol. 33 respectively, indicating also that samples YNS-850, YPS-700, and YPS-850 all contain mesopores and macropores, and YNS-850 has higher percentage of mesopores than YPS-700 and YPS-850. At higher α s , the abrupt increase in the amount adsorbed was observed, and can be attributed to capillary condensation in pores of the size above about 50 nm.
Isoelectric Point (IEP)
The Zeta potential of YPS-550, YPS-700, YPS-850, YNS-550, YNS-700 and YNS-850 was measured by Malvern Zetasizer Nano ZS90. Such measurements allowed the zeta potential (ζ) to be plotted versus the pH, the curve obtained exhibiting a minimum relative to the pH of the solution. The pH value corresponding to this minimum is the isoelectric point (IEP), which is the pH value when ζ is zero. IEP values of the as-prepared materials were obtained from Fig.7, and Vesicle-like and 3D-hexagonal Mesoporous SiO 2 : Preparation and 843 Laccase Adsorption Properties Table 2 . The laccase used in present experiments was reddish-brown cellulase obtained from white rot fungus which had an IEP value within the range 3~6. The amino acid component of laccase is ionized and generates negative R'-COO − or R' '-COO − polar groups with pH in the range 6~7 (Shao et al. 2009 ). The IEP value of as-synthesized mesoporous silica is less than 4.2, so that the mesoporous silica in the present study possessed surfaces with large negative electrical charges in the solutions. In the pH range mentioned above, the less the IEP value, the more negative electrical charges the surface of mesoporous silica possess, and thus leading to stronger electrostatic repulsion between laccase with negative polar groups and the mesoporous silica possessing negative electrically charged surfaces. What's more, the mesoporous silica could adsorb laccase by only two paths: a, form a hydrogen bond between its surface and the amino groups of laccase; b, matching ability between the pore structure properties of the surface and the configuration adopted by the laccase molecule.
Seen as a whole, the IEP values of YNS are higher than those of YPS, as shown in Table 2 . The YNS-550 has vesicle-like mesoporous structure with channels arranged radially, and it forces hydroxyl groups on the mesoporous surfaces radiating out in all directions, leading to difficult ionizing of the hydroxyl groups on the pore surface to release hydrogen ions, which resulted in its IEP larger than that of the YPS-550 with parallel pores. After being calcined at 700 ºC, the IEP of YNS-700 increased to 4.15 for the high calcination temperature tailed off the hydroxyl groups. The IEP of YNS-850, however, was reduced to 3.08 when the temperature ascended to 850 ºC, because the pore channels collapsed and the hydrogen ions were ionized easier. Moreover, the fluctuation of the IEP of the YPS is the same as that of YNS, implying that the influence of temperature on the IEP for different mesoporous silica is consistent.
Change of IEP of YPS-550 with 3D hexagonal structure is different from that of YNS-550, as YPS-550 has parallel channels hence easily ionizes to release H + than the vesicle-like YNS-550, so that has IEP lower than that of YNS-550. In our experiment, the amount of negative charges on the YPS-550 is higher than that on the YNS-550, leading to greater repulsive force of laccase adsorbed on the YPS-550, which also resulted in lower adsorption action of laccase on the YPS-550 than on YNS-550.
Analysis of Adsorption Isotherm of Laccase on the YPS and YNS
As shown in Fig.8 , the enzyme adsorption isotherms of the samples YPS and YNS (calcinated at different temperatures, i.e. 550 ºC, 700 ºC, 850 ºC) have been obtained by plotting laccase adsorption Г to laccase concentration C.
In Fig.8a , the enzyme adsorption isotherms of YPS-550 were of type V in the BDDT classification (Sing et al. 1985) , the lack of any upward curvature in the initial stages of the 844 H. Yang et al./Adsorption Science & Technology Vol. 33 No. 10 2015 isotherms indicating only weak interaction between enzyme and the inner surface of sample YPS with 3D hexagonal pore structure, because hexagonal phase of pore structure has a negative curvature (Mariya et al. 2015) . However, in the latter stages of the isotherms, the amount of enzyme adsorbed increased sharply as the equilibrium concentration of enzyme increased, to gradually approach saturation. YNS-550 is classified as type IV in the BDDT classification (Sing et al. 1985) . The adsorption curves have gentle trend of change in 27.20 45.85 IU ml -1 of laccase concentration, laccase adsorption by YNS-550 does not change greatly with respect to the concentration, and front half of the whole adsorption curve bends upward. However, the adsorption curves increased sharply at the equilibrium concentration of 45.85 IU·ml -1 . Later, these curves tended to be gentle and reached adsorption saturation. Since the IEP of YPS is 3.67, lower than that of YNS-550, the repulsive force on enzyme molecule is stronger. In addition, due to characteristic unique curvature of vesicle-like mesoporous silica ), the enzyme molecule can be more strongly adsorbed on the pore surface of YNS-550 than that being adsorbed on the pore surface of YPS-550, leading to occurrence of curve up-bending in adsorption isotherms of the sample YNS-550.
But YPS-550 has larger surface area and pore volume, and enzyme can be immobilized by the outer surface of its pores, so that it has larger saturated adsorption of laccase (Γ ∞ = 70 IU mg -1 , shown in Table 3 ) than that of YNS-550 (Γ ∞ = 45 IU mg -1 , shown in Table 3 ).
After calcination of the sample at 700 ºC (to yield YPS-700), the shape of the adsorption isotherm is L, changed from type V to type I (as shown in Fig.8) , the most probable pore size is about 12.97 nm, but the specific surface area decreased sharply and the pore volume decreased to some extent. Thus, the amount of laccase adsorbed increased with increasing equilibrium concentration (reaching saturation). But the adsorption curve of YNS-700 is still type IV (keeping the original vesicle-like structure), due to its high thermal stability. When the equilibrium concentration of laccase reached 92.86 IU ml -1 , adsorption of laccase on surface of YNS-700 reached the saturated monolayer adsorption, indicating laccase concentration upon such saturated monolayer adsorption moving to the direction of higher concentration, and apparently weakened adsorptivity of YNS-700, mainly due to a decrease in the number of surface hydroxy groups and apertures.
YPS-850 has the trend of sagging of laccase adsorption curve, and could be classified as type III in the BDDT classification (Sing et al. 1985) . The down-bent curve shows the weaker adsorption of the laccase. After calcination of the sample at 850 ºC, the most probable pore size is about 17.30 nm, far larger than the molecular diameter of laccase. Under the Hydrogen bond interaction, laccase condensed in the macropores of . The shape of laccase adsorption curve of YNS-850 is a reverse S (Fig.8b) , and it could be classified as type II in the BDDT classification (Sing et al. 1985) . When the equilibrium concentration of laccase reached 97.96 IU·ml -1 , saturated monolayer adsorption was reached on surface of YNS-850, but at higher equilibrium concentrations, the curves depicted exhibit the phenomenon of unsaturated adsorption above 105.87 IU·ml -1 . This indicates that laccase agglomerated on the inner surface of the macroporous YNS-850 TWT structure, for the size of laccase (4 nm) (Zimmerman et al. 2004) is far less than the size of macropores (80.33nm).
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Laccase Adsorption Kinetics
Quasi-first-order and quasi-second-order kinetics equations can well describe the adsorption kinetics of laccase on the YPS-550 and YNS-550.
Quasi-first-order kinetics equation: log(C 0 − C) = k 1 t + h 1
Quasi-second-order kinetics equation: t/C = k 2 t + h 2
Where C 0 is original concentration of laccase (IU), C is final concentration of laccase (at time t, IU), t is reaction time, and k 1 , h 1 , k 2 , and h 2 are adsorption constants of kinetics equations. The parameters of adsorption kinetics equations for different carriers YPS and YNS are shown in the Table 4 . By plotting log(C 0 −C) versus t and t/C versus t for YPS and YNS, linear fitting has been carried out. The correlative coefficients R 1 2 of adsorption of laccase onto the YPS and YNS samples are 0.9491 and 0.9165, R 2 2 are 0.9508 and 0.7612, obtained by the linear fitting. By comparing R 1 2 and R 2 2 , we can find R 1 2 < R 2 2 for YPS as a carrier and R 1 2 > R 2 2 for YNS as a carrier, indicating that the adsorption of laccase on the YPS follows second order reaction, and that on the YNS follows first order reaction.
Adsorption Isotherm Equations of Laccase on the YPS and YNS
To obtain the adsorption equation for laccase, the amount adsorbed (Γ) for a series of different initial concentrations (C) must be determined. Similarly, the amount adsorbed at saturation (Γ ∞ ) should also be determined. Defining the degree of surface coverage as θ = Γ/Γ ∞ , the adsorption equation for laccase onto a mesoporous silica surface may be obtained from a plot of log[θ/(1 -θ)] versus log C (Fig. 12) :
where K is the adsorption equilibrium constant and β is an adsorption function which is dependent on the chain arrangement in laccase. The value of K is usually representative of adsorptivity of materials. There is a positive correlation between them. The magnitudes of K and β as calculated from this equation are listed in Table 5 . Table 5 shows laccase adsorption equilibrium constant (K) and functional chain number (β) of YPS sample and YNS sample. Normally, K can be used to indicate relative amplitude of material adsorbability; the larger the value of K, the stronger the adsorbability.
From Table 5 , K YPS-550 <K YNS-550 , so the YNS-550 has stronger adsorptivity than YPS-550; this is in accordance with the conclusion drawn in 2.6. β YPS-550 >β ; this has something to do with surface area and pore volume. Also, with the calcination temperature rising, K YPS increased first and then decreased. The main cause is, when the calcination temperature is 700 ºC, adsorption (Wang et al. 1990 ). When the calcination temperature is 850 ºC, adsorption curve of YPS-850 changed from type I to type III, and K YPS-850 = K YPS-550 . The values of K YNS and β YNS have a decreasing trend as the temperature rises. This is contrary to YPS. This is due to the different structure. YNS exhibits a vesicular-type mesostructure, and YPS exhibits 3d-hexagonal structure. Judging from change of pore diameter, surface area, and pore volume with temperature, when calcination temperature is 700 ºC, surface area and pore volume of YNS samples almost do not change, only their pore diameter decreases. But all these parameters of YPS samples change greatly (Table 1) . This indicates good thermal stability of YNS samples with vesicle-like structure and poor thermal stability of YPS samples with 3D hexagonal structure. When calcination temperature is 850 ºC, the values of K YNS and β YNS were lowered due to the collapse of vesicular-type mesostructure. Fig.10 shows curves of change of enzyme activity with time before and after adsorption. Activity of both free enzyme and immobilized enzyme has the trend of decrease with time due to enzyme leakage during storage. Accordingly, under room temperature, activity of both free 848 H. Yang et al./Adsorption Science & Technology Vol. 33 No. 10 2015 enzyme and immobilized enzyme will decrease with time, but activity of immobilized enzyme is 2 times higher than that of free enzyme after 8 days of storage at ambient temperature, indicating that immobilized enzyme has less leakage than that of free enzyme; therefore, compared with free enzyme, immobilized enzyme has higher stability. The disadvantages of poor stability, changeability, and inactivation can be effectively solved by enzyme immobilization.
Activity and Stability of Immobilized Laccase and Free Laccase on the YNS
CONCLUSIONS
Three-dimensional hexagonal mesoporous silica (YPS) with random access channels and vesiclelike mesoporous silica (YNS) with radiating channels were synthesized using green surfactant N-dodecyl glycine templating in presence of H 3 PO 4 and HNO 3 respectively. The different calcination temperature can change the adsorption properties of YPS and YNS respectively based on the thermal stability of them. YNS can endure 700 ºC high-temperature calcinations, while YPS cannot keep its 3D structure unchanged at 700 ºC. Due to characteristic unique curvature and thermal stability, laccase adsorption isotherms of YNS-550 and YNS-700 are of type IV, but that of YPS-550 is of type V. Laccase adsorption isotherms of YPS-850 and YNS-850 were changed to type III and type II, possibly because pore channels of both the YPS and YNS collapsed and were rebuilt to monodisperse and tri-disperse structure respectively. Moreover, change of the isoelectric point, the adsorption equilibrium constant, and the adsorption function chain number of YPS and YNS with the calcination temperature was also discussed.
